Abstract Dynamic crack initiation with crack-tip loading rates ofK ≈ 2 · 10 6 MPa m 0.5 s −1 in a high strength G42CrMoS4 steel was investigated. To this end, a previously developed split Hopkinson pressure bar with four-point bending was utilized. V-notched and pre-cracked Charpy specimens were tested. The detection of dynamic crack initiation was performed by analyzing the dynamic force equilibrium between the incident and the transmission bar. High-speed photography of the tests and analysis of the dynamic stress intensity factor revealed that the vibration of the specimen had to be considered. The dynamic and static analyses of the tests lead to nearly the same results when a force equilibrium was achieved. Fracturesurface analysis revealed that elongated MnS inclusions strongly affected both the dynamic crack initiation and growth. Blunting of the precrack did not take place when a group of MnS inclusions was located directly at the precrack tip. Due to the direction of the elongated MnS inclusions perpendicular to the direction of crack growth, the crack could be deflected. The comparison with a 42CrMo4 steel without elongated MnS inclusions revealed the detrimental effect in terms of resistance to crack initiation.
Introduction
The split Hopkinson pressure bar principle can be utilized to study the dynamic fracture of materials (Chen and Song 2011) . In contrast to the (unsplit) Hopkinson pressure bar, the advantage of the split-Hopkinson pressure bar is the possibility to analyze the forces in both the incident and transmission bars. Consequently, the force equilibrium can be analyzed (Gray 2000) .
The impact of the striker bar on the incident bar generates the incident pulse with a rectangular shape. Hence, the incident pulse consists of a wide frequency spectrum. Pulse shaping is applied to limit this frequency spectrum and, consequently, increase the rise time of the incident pulse (Frew et al. 2001; Vecchio and Jiang 2007) . Additionally, constant loading rates can be achieved by a tailored incident pulse (Weerasooriya et al. 2006) . Quasi-static relationships to calculate the stress intensity factor can only be applied if force equilibrium is achieved. The synchronization between the forces in the incident and transmission bars is promoted by a limited frequency spectrum of the incident pulse (Weerasooriya et al. 2006) .
When force equilibrium is not achieved, the determination of the dynamic stress intensity factor is necessary. To this end, a calibrated strain gauge (SG) in the near-field of the crack tip can be applied (Kalthoff et al. 1985) . Hence, the stress intensity factor K I,SG can be measured, assuming a static calibration of the strain gauge. Due to the small distance between crack tip and strain gauge, K I,SG is considered to be equal to the dynamic stress intensity factor K dyn I in the actual test (Kalthoff et al. 1985) . This calibration is suitable during linear-elastic specimen response. Therefore, the K I,SG determined via the strain gauge can be compared to the K stat I determined by the force signal of the bars. This represents an additional measure for force equilibrium. The calculation of the dynamic stress intensity factor is also possible by taking the bending vibration into account (Kishimoto et al. 1980; Rokach and Łabędzki 2009) .
The time of crack initiation can also be determined from the strain gauge signal. To this end, the time up to a significant drop in the near-field strain signal is used as the time to crack initiation (Kußmaul and Demler 1992) .
The sound wave velocity depends on its frequency. Lower frequency components propagate faster due to a smaller radial inertia effect in the bars (Bancroft 1941) . Due to the distance between the strain measurement site and the specimen, the effect of wave dispersion has to be taken into account (Gorham 1983) .
Ductile fracture is characterized by void initiation, void growth and, finally, void coalescence. Void initiation takes place at non-metallic inclusions by debonding or fracture of these particles (Garrison and Moody 1987) . In a material with a wide particle size distribution, void initiation begins at larger particles (Cox and Low 1974) . Elongated MnS inclusions can fracture when loaded longitudinally due to their relatively high interfacial strength with the steel matrix. According to Beremin (1981) , the initiation site is mostly the oxide core within the sulphide inclusion. If these elongated MnS inclusions are loaded in the transverse direction, the steel matrix will decohere from the inclusion (Hosseini et al. 2007 ). In contrast, alumina inclusions have a relatively high strength but a weak interface with the steel matrix (Henschel et al. 2013) .
The nucleated voids grow and finally coalesce. The void growth rate increases with increasing void size and increasing triaxiality of the stress state (Garrison and Moody 1987) . Coalescence of the relatively large voids can be promoted by smaller voids in between (Cox and Low 1974 ) (a void-sheet mechanism). Void impingement (necking of the ligament) is another mechanism for void coalescence if there are no smaller inclusions that can form these voids.
Depending on the orientation of elongated inclusions with respect to the crack-growth direction and the tensile axis, a growing crack can be deflected by weak interfaces (Thornton 1971) . The crack path deflection reduces the opening mode stress intensity factor K I .
According to Biswas et al. (1992) , the concentration of MnS inclusions has a strong embrittlement effect on the upper-shelf toughness. However, no effect is observed on the brittle fracture regime. MnS inclusions with a large aspect ratio within the fracture plane decrease the strain to fracture and the Charpy impact energy.
There are numerous studies concerning the dynamic fracture toughness K Id of materials with linear-elastic material behavior atK ≈ 10 6 MPa m 0.5 s −1 , e.g. Foster et al. (2011), Jiang and , Rubio et al. (2003) . In contrast, investigations describing the dynamic crack initiation in elastic-plastic materials in terms of the J integral are rare, e.g. Kußmaul et al. (1997) , Zhu et al. (2014) .
Due to the lack of knowledge concerning the elasticplastic behavior under dynamic loading conditions, a high-strength quenched and tempered G42CrMoS4 steel was studied. The setup proposed in Henschel and Krüger (2015) was applied to characterize the crack initiation. In the present paper, the main focus is the effect of non-metallic inclusions on the crack initiation resistance under dynamic loading. Among scatter of the dynamic crack resistance, the microstructural reasons for this behavior are addressed. Additional aspects concerning the dynamic behavior of the specimen are discussed. In order to separate the effects of loading and the microstructure, an additional 42CrMo4 rolled steel with a relatively low inclusion content was tested.
Materials and methods

Investigated steel
In this study, the crack initiation resistance of the quenched and tempered steel G42CrMoS4 (1.7231) was evaluated. Heat treatment was performed by austenitizing at 840 • C for 20 min in a vacuum, followed by quenching in a stream of He. The samples were tempered at 560 • C for 60 min in a N 2 atmosphere. After heat treatment, the microstructure of this steel consisted of tempered martensite, as shown in Fig. 1 . As a consequence of the continuous casting process, MnS inclusions were elongated in the casting direction. The crack plane of the samples was perpendicular to the casting direction.
For comparison, samples of a hot-rolled 42CrMo4 (1.7225) steel in the quenched and tempered state as well as the quenched-only state of this steel were tested. In the case of the hardened state, linear-elastic behavior and, therefore, brittle fracture was expected.
The heat-treated samples were precracked up to a 0 /W ≈ 0.5 (initial crack length a 0 , specimen width W , see Fig. 2 ) by utilization of the crack lengthdependent resonant frequency response. The crack tip loading was ΔK = 18 MPa m 0.5 at a stress ratio of R = 0.1.
Setup
The test setup used in this study was proposed in a previous paper and contains a tube as the transmission bar. The dynamic fracture tests were interrupted by a stop block. Equations used to calculate forces F 1 in the incident bar (IB), F 2 in the transmission bar (TB) and the relative displacement δ were also given in that paper. However, the calculation of the J integral is repeated at this point because it is a non-standard approach. In the standards ASTM E 1820 (2013 ) and ISO 12135 (2002 , the J integral is generally calculated only in the case of three-point bending. In Henschel and Krüger (2015) , it is shown that this calculation holds in the case of four-point bending. The energy U was calculated from the force F and the relative load point displacement δ:
According to ISO 12135, the energy U is divided into an elastic component and a plastic component. Hence, the J integral is given by:
with Poisson's ratio ν, Young's modulus E, specimen net thickness B N and crack length a. The (static) stress intensity factor K for four-point bending used here is given by ASTM C 1421 (2010):
with
with outer and inner span of the loading pins S o and S i , respectively, and specimen thickness B. The plastic component of U was determined by including the system compliance C S : As in Henschel and Krüger (2015) , strain gauges were bonded in the near field of the crack tip, Fig. 2 . The distance D between the crack tip and the center of the strain gauge was B/2, according to a suggestion of Kußmaul et al. (1997) .
Pulse shaping
Due to pulse shaping, force equilibrium was achieved after a short time. Cylindrical copper pulse shapers with a diameter of 5 mm and a thickness of 0.5 mm were used. The pulse shapers were laser cut from a copper sheet. Larger pulse shaper were not promising because high loading rates of approximately 10 6 MPa m 0.5 s −1 should be achieved.
High-speed photography
Some tests were captured with a Photron Fastcam SA-Z high-speed camera which facilitated frame rates of 330,000 frames per second at a relatively large image size of 384 × 96 pixels. A common trigger signal was utilized to link the camera data with the other signals. The development of the plastic zone was visible due to a change of the reflective properties of the surface of the specimen. Furthermore, the sequence of frames was analyzed in terms of crack opening displacement (COD). To this end, points near the crack tip were tracked by applying the "TrackMate" plug-in of the ImageJ software package. The COD was then calculated with the change in distance (in pixels) between these points and the scale factor (mm/px).
Dispersion correction
The signals determined at the incident and transmission bar were corrected for dispersion. In the incident bar, the dispersion correction was based on the frequencydependent wave velocity c n given by Bancroft (1941) , which is interpolated by (Poisson's ratio ν = 0.35): 
with the modulus of elasticity of the bar E B , the density of the bar ρ B , the shear wave velocity c T , and the bar wave velocity c 0 (neglecting radial stresses). Furthermore, n is the order of the frequency component ( f n = n · ω 0 /2π , fundamental angular frequency ω 0 ), d is the diameter of the incident bar, and λ n is the wavelength of the nth component. The dependency of the wave velocity on the frequency in the tube as suggested by Mirsky and Herrmann (1958) was applied. That equation (Eq. 27 in Mirsky and Herrmann (1958) ) is not printed here due to its length. The main input is the geometry of the tube (inner and outer diameter:
The wave velocity as a function of the frequency is plotted in Fig. 3 for both the bar and the tube. It can be seen that, in contrast to the incident bar, the wave velocity in the transmission tube is not continuously decreasing with increasing frequency. The wave velocity converges to a material-dependent value for high-frequency components.
The phase of each frequency component was corrected for dispersion with the knowledge of the distance x between the point of measurement and the specimen:
In the case of the incident pulse, the distance x was positive, whereas the reflected and the transmitted pulses were corrected with a negative distance. Utilizing the inverse fast Fourier transform, the dispersion-corrected pulse was calculated. This procedure was described in detail in Hsieh and Kolsky (1958) .
Determination of the dynamic stress intensity factor
The dynamic stress intensity factor K I,SG was determined by a static calibration of the specimens with strain gauges under four-point bending in a servohydraulic testing machine. Here, the calibration coefficient (unit: kN/V) was measured in the range of 0.2-2 kN in order to satisfy K < K max,precrack . As pointed out in Henschel and Krüger (2015) , this method is only applicable at relatively small forces. However, the time shortly after the beginning of the specimen loading is most critical in terms of force equilibrium . Another possibility for dynamic stress intensity factor determination is given by Kishimoto et al. (1980) , and this was expanded by Rokach (1998a, b) , Rokach and Łabędzki (2009) by superposition of the specimens vibration modes. The calculation of the dynamic stress intensity factor K dyn I (t) utilizes the forces both in the incident bar and in the transmission bar:
The crack length-dependent natural frequency of the ith order (ω i ) is given in Rokach (1998b) . Therefore, force equilibrium is not essential for calculating the samples dynamic response. The functions The normalized stress intensity factors k 1 and k 2 (k = K I /F) are calculated by the superposition principle of stress intensity factors:
Here, k 1 and k 2 are the normalized stress intensity factors for two-point bending due to F 1 and F 2 , respectively. The stress intensity factor for three-point bending (k 3PB ) is taken from ISO 12135, whereas the stress intensity factor for four-point bending (k 4PB ) was given in Eq. (3). Unlike in Rokach (1998a) , the reaction force is taken to be F 2 , not 2F 2 . Hence, the factor 2 is missing in Eq. (3). The weight functions η 1,i and η 2,i are given in Rokach and Łabędzki (2009) and Rokach (1998b) , respectively. As suggested in Rokach and Łabędzki (2009) , the weight functions are normalized in order to obtain
Consequently, the functions h 1 and h 2 represent normalized dynamic stress intensity factors including the effect of natural vibrations of ith order.
Fractographic analysis
The fracture surface was investigated by scanning electron microscopy (SEM) with a secondary electron detector. A special beam tilting in the SEM MIRA 3 XMU (TESCAN) was applied to reconstruct the 3D topography of the fracture surface. As shown by Weidner et al. (2013) , the stretch zone height SZH and width SZW can be analyzed. The definition of these characteristics in Weidner et al. (2013) was applied in the present paper.
Results
Effect of wave dispersion
In Fig. 4 , dispersion-corrected pulses are compared with measured pulses. One effect of the dispersion correction, Eq. (8), is the relative shifting of parts of the pulses which exhibit high slopes, i. e. wave components Fig. 4 Dispersion-corrected strain signals and measured (uncorrected) pulses: oscillations were shifted due to the lower velocity of high-frequency waves. Material: G42CrMoS4+QT with higher frequencies. High-frequency wave components exhibited a lower velocity compared to lowfrequency wave components. Hence, there is a relative shifting in time. This effect can be seen in Fig. 4 especially in the reflected strain ε R . The shifting is positive in time for the incident signal due the measurement of the signal before the actual test. For the reflected and transmitted signal, the shifting in time is negative due to the measurement after the actual test. Among the shift of oscillations, it can be seen that oscillations appeared which were not visible in the measured signal. These oscillations were not electronic noise. The size of the strain gauges (1.5 mm) acted approximately as a 2 MHz low-pass filter. The broadband amplifier ( f −3 dB = 1 MHz) also transmitted these frequencies. Hence, the specimen responded with oscillations which were not directly visible in the measured signal. These oscillations were within the time range of the expected crack initiation. Since the pulse shaper filtered the highfrequency components of the impact event, only a slight change in the incident signal was observed.
In contrast, a nearly total unloading-as indicated by the measured signal in Fig. 5a -cannot be considered as being representative of the specimen behavior. After application of the dispersion correction, only a partial unloading was obvious. However, oscillations in F 2 at t > 50 µs appeared after the correction. This could be attributed to local crack initiation. Force equilibrium was achieved after approximately 25 µs and then maintained until crack initiation. As discussed in Henschel and Krüger (2015) , the sharp decrease of F 1 (dispersion-corrected) is explained by the global crack initiation.
Taking the specimens stiffness of approximately 70 kN/mm shortly before the crack initiated, along with a force decrease of 5 kN, a further displacement of 71 µm was necessary to increase the force to its original level. Taking the velocity of the incident bar (4.8 m/s) into account, it took approximately 15 µs to overcome this distance. Furthermore, due to the decreased stiffness after the dynamic crack initiation, this time was even longer. Hence, the partial unloading was due to the limited incident pulse. The specimen in Fig. 5a exhibited a time interval of 20 µs between unloading and reloading to an equivalent load level. One solution for this problem could be the increased slope of the incident pulse produced by a thinner pulse shaper, or no pulse shaper. b Crack opening and development of the plastic zone were captured by the high-speed camera. Times of frames I, II and III are marked in subfigure a. c Similar behavior for tests performed at the same conditions. Point of crack initiation is indicated for each test. Material: 42CrMo4+QT respective point of crack initiation was not valid due to crack extension. Thus, this evolution is plotted as a dashed line indicating disequilibrium conditions. The resistance to dynamic crack initiation is given in terms of the J integral for the three tests which represent the lowest, the highest, and an intermediate crack resistance J id .
Dynamic loading response
In this section, only dispersion-corrected signals are presented. Possible bending vibrations of the sample were taken into account by calculating the dynamic stress intensity factor K dyn I , Eq. (9). Furthermore, the dynamic stress intensity factor K I,SG was derived from the measured near-field strain gauge signal. In Fig.  6a , the evolution of K dyn I and K I,SG is compared with the static stress intensity factor K stat I . It was observed that K dyn I was nearly equal to K stat I and K I,SG up to the point of crack initiation. Consequently, vibrations which were incorporated in the calculation of K dyn I can be neglected and the loading can be described by assumptions of quasi-static loading. This was attributed to the relatively smooth incident pulse due to pulse shaping. Hence, resonance vibrations of the specimen were not excited. Furthermore, calculation of the dynamic stress intensity factor in a test with force equilibrium was not necessary. The point of crack initiation (arrow in Fig. 6a ) was detected by a sudden decrease of the strain gauge signal. After the point of crack initiation, the different stress intensity factors were not valid due to the crack extension. However, the curves were plotted as dashed lines in order to illustrate their qualitative evolution.
The detection of the point of crack initiation was supported by high-speed photography. An increase in slope of the evolution of the optically-measured crack opening displacement (COD) from frame II to frame III was observed, see Figs. 6a,b. This indicates the point of crack initiation. Furthermore, there was a significant increase of plastic zone size between these two sequentially captured frames II and III, see Fig. 6b . This could be explained by the crack initiation inside the specimen. Crack initiation on the surface of the specimen was delayed due to the plane stress state. Hence, the crack initiation inside the specimen resulted in accelerated crack opening displacement, which increased the plastic zone size on the surface even after the actual crack initiation time.
Although K stat I described the specimen loading in the case of force equilibrium, it should be noted that the calculation of K dyn I was advantageous in analyzing the load-time history. In the case of a slight force disequilibrium, K dyn I can be utilized to calculate the F dynt history with F dyn = K dyn I /k 4PB . The relative displacement δ can be calculated with the displacements of each bar and, therefore, without the assumption of force equilibrium.
Differences between K I,SG and K dyn I occurred during the beginning of the loading (arrow A in Fig. 6a ). This was attributed to wave propagation within the specimen. However, the difference was only observed at low forces and was, therefore, not a significant error when describing the fracture process. At high loads, there was a deviation of K I,SG from K dyn I . This was attributed to the development of the plastic zone size. Hence, the quasi-static calibration of the strain gauge lost its validity.
Crack initiation was not taking place at an exact point in time. In the center of the specimen, the original crack tip was unloaded after crack initiation. However, the crack at the surface exhibited no crack growth at that instant due to plane stress conditions. Furthermore, it was observed by means of light microscopy (ex-situ) that the crack path followed the plastic zone on the surface. The crack growth caused a decrease of the strain measured by the strain gauge. Hence, the SIF obtained by the strain gauge could not be used in the moment of crack initiation and during crack growth. Additional strain gauges near the crack path are necessary to obtain a stress intensity factor at this position (Khanna and Shukla (1995) ). However, due to the relatively small area available, this was not possible.
The strain gauge signal in Fig. 6a indicated vibrations after the point of crack initiation. These vibrations were attributed to multiple reflections of the elastic unloading wave originating from the crack tip. The propagation of a shear wave along the length W results in a oscillation frequency of approximately 312 kHz. This frequency was found to be distinctive in the frequency spectrum of the strain gauge signal. Figure 6c shows the evolution of the stress intensity factor for three tests performed at the same conditions. Analogously to Fig. 5b , the loading history was the same for tests performed at equal conditions. The microstructural scatter resulted in different points of crack initiation (marked by arrows 1, 2, and 3 in Fig.  6c ) and, therefore, different quantities of the resistance to dynamic crack initiation (J id ). Analogously to Fig.  5b , these tests represent the two extremes and an intermediate test.
The behavior of the hardened 42CrMo4 steel (quenched-only) is shown in Fig. 7 . Due to the rela- tively short time to fracture, force equilibrium was not achieved in such tests. Hence, the static stress intensity factor K stat I was not valid throughout the test. However, the force measurement in the incident and transmission bars was utilized to calculate K dyn I . In Fig. 7 , it was observed that the dynamic stress intensity factor calculated from the specimen's strain gauge signal (K I,SG ) essentially follows the dynamic stress intensity factor K dyn I until fracture. Consequently, if the force equilibrium was not achieved, then vibrations of the specimen had to be taken into account, e. g. by direct measurement or by calculation (Eq. (9)).
Analogously to Fig. 6a , the sudden decrease of the strain gauge (SG) signal indicated the point of crack initiation. In contrast to the SG signal in Fig. 6a , the SG signal in Fig. 7b did not exhibit such large oscillations after the point of crack initiation. This was explained by the unstable crack growth resulting in the total separation of the two specimen's halves. Hence, the stored elastic strain energy can be completely released and the reflection of unloading waves occurs only to a small extent.
The plot of K dyn I
and K I,SG as a function of the relative displacement δ, Fig. 7b , shows a linear-elastic behavior until fracture. The relatively short time to fracture and the linear-elastic behavior clearly reflects the brittle nature of this material.
In Fig. 7a , the optical measurement of the crack opening displacement revealed a strong increase of the crack opening rate after the point of crack initiation. This was explained by the unstable crack extension.
The crack opening displacement was regarded as a qualitative measurement. A high resolution of the crack opening displacement was only achieved with high optical magnifications. However, the notch of the sample was not visible within the field of view when high magnifications were applied. As a consequence, the crack opening was measured at a distance of approximately 1-2 mm to the crack tip.
From Fig. 7c , it was observed that the specimens followed a similar loading path. In all cases, K I,SG and K dyn I were nearly the same for each material. The different points of unstable fracture initiation illustrate the scatter of the crack resistance.
Fractography
The differences of the toughness behavior shall now be discussed with the fractographic results.
Typical fracture surfaces of the G42CrMoS4+QT steel are shown in Fig. 8 . The blunting of the fatigue precrack depended to a great extent on the local microstructure in front of the crack tip. Regions with only minor amounts of non-metallic inclusions like MnS exhibited typical crack-tip blunting. However, MnS inclusions which were located directly at the fatigue crack front promoted the crack initiation without blunting (see Fig. 8 ). Therefore, this inclusion configuration decreased the local toughness of the material. Another feature which was caused by the elongation of the MnS inclusions perpendicular to the crack plane is the local crack path deflection, which was considered to be a toughness-increasing mechanism.
The crack path deflection is illustrated in Fig. 9 . It can be seen that there is a considerable height difference before and after the deep dimples caused by the chain of MnS inclusions. As a consequence, the crack plane was elevated compared to the original crack plane. In the further course of crack growth, the crack front returned to the original crack plane. There were two effects of such a deflection. Firstly, the created surface was larger than the ideal surface normal to the stress axis. Secondly, the crack-tip loading consisted of modes I and II. Both effects involved an increase in energy consumption during crack growth. However, the deflection of the crack front was only observed locally when the MnS inclusions were in a favorable configuration. This effect is attributed to the weak bonding between the MnS inclusion and the metallic matrix. As a consequence, mechanisms decreasing and increasing the toughness, respectively, superimpose themselves on each other. Voids formed at chains of elongated MnS inclusions could easily coalesce due to the small distance between them. It can be assumed that the coalescence between these voids took place before a crack initiated at the fatigue precrack. Hence, there was no well-defined crack tip in a region with such a inclusion configuration.
The constant bending moment due to the four-point bending loading did not cause the crack path deflection. Cracking along the elongated MnS inclusions and height differences as presented in Fig. 9 were also observed after fracture mechanics tests at lower loading rates .
Very steep edges were difficult to determine using the 3D imaging technology. Hence, deep holes caused by elongated MnS inclusions were not represented in full detail. However, it can be assumed that the height differences (before and after the hole) were determined accurately. This is shown in Weidner et al. (2013) for the case of a machined edge with a height of 100 µm.
Results of the stretched zone parameters SZH and SZW are presented in Fig. 10 . These measurements clearly reflect the fractographic observations.
The near-field strain gauge exhibited a significant signal decrease when the crack initiated (Fig. 6a) . Taking the microstructure into account, the crack initiation was not a uniquely defined process during loading. Local crack initiation due to non-metallic inclusions was followed by rapid crack growth. However, the result could be a local unloading when regions surrounding the cracked area are characterized by deformation of the metallic matrix. Hence, crack initiation along the whole precrack front was achieved when the crack eventually initiated in the metallic matrix with no, or a low amount of, non-metallic inclusions.
The fracture surface, which corresponded to crack growth, exhibited small dimples. Hence, ductile fracture was present, leading to stable crack growth. This type of fracture is characterized by an increasing energy consumption with crack extension. Therefore, the disequilibrium of forces at the point of crack initiation cannot be attributed to crack growth, but only to the sudden compliance increase during crack initiation. Fig. 11 shows the effect of elongated MnS inclusions, which are arranged in groups. Taking the optically analyzed fracture surface (Fig. 11a) into account, it could be observed that the stable crack growth did not develop homogeneously over the thickness of the specimen. Local crack growth was found in regions with closely-spaced MnS inclusions (Fig. 11b) . The diameter and distance (center to center) of the MnS inclusions in such a group was approximately 5 and 10 µm, respectively. Hence, void coalescence was achieved at low strains. A consequence of the local crack growth was the shielding effect. Hence, the mean crack length after the test was significantly lower than the local crack length at these characteristics. The cleavage facets observed in Fig. 11b were not associated with the crack growth during the actual test. This can be seen at the corresponding heat-tinted fracture surface in Fig. 11a . The cracking after the actual test produced hardly any additional deformation due to the low temperatures of −196 • C and dynamic loading.
In contrast to the G42CrMoS4 samples, the 42CrMo4 plate did not exhibit elongated MnS inclusions. Comparing the opposing fracture surfaces, the stretched zone height could sometimes be determined only on one side. The result is shown in Fig. 12 .
Hence, the height profile had to be determined on both corresponding fracture surfaces. The non-symmetrical crack initiation at the stretched zone was, at least in part, attributed to the presence of non-metallic inclusions. Due to the internal notch effect, the deformability of the material was exhausted locally. Therefore, the crack growth took place at this path with relatively low energy consumption. The results show that the stretched zone existed even when this was apparently not the case. This can be stated in the case of the high-strength steel tested, which exhibited relatively low deformability compared to medium-strength structural steels. Those steels often exhibit a clear stretch zone even in the presence of non-metallic inclusions.
The observation of force disequilibrium at the crack initiation point cannot be explained by an effect of the low-strength interfaces between the MnS inclusions and the steel matrix. In the G42CrMoS4+QT steel, considerable crack path deflection after crack initiation was observed. In contrast, the 42CrMo4 steel exhibited ductile fracture with minor crack path deflection. Hence, the partial unloading indicated by F 1 (Fig. 5) can only be avoided by a optimized loading pulse.
The samples of the hardened 42CrMo4 steel (see Fig. 13 ) exhibited only minor amounts of ductile fracture, which was mostly in the vicinity of nonmetallic inclusions. Transcrystalline cleavage fracture caused unstable crack growth. Hence, the ductile fracture slowed down the rapid crack growth. Blunting of the fatigue crack tip could not be observed. This correlates with the K dyn I -δ-curve (Fig. 7b) where the sample exhibited linear-elastic behavior before fracture.
The characteristics of dynamic crack initiation for the tested materials are given in Table 1 . In the case of the 42CrMo4+Q steel, J id was converted from K dyn Ic by J = K 2 /E. The low J id of the 42CrMo4+Q steel was not considered as a lower-bound toughness due to the presence of ductile fracture. Nevertheless, the toughness of the 42CrMo4+Q steel was significantly lower than the toughness of the 42CrMo4+QT steel. The rolled 42CrMo4 steel without MnS inclusions exhibited a significantly higher crack initiation resistance compared to the G42CrMoS4 cast steel. Hence, the mentioned toughness-increasing mechanism of crack deflection did not compensate the decrease of the toughness by low-strength interfaces. The dynamic crack initiation resistance of the hardened steel was similar to the cast steel with the inclusions. This observation reflects the detrimental effect of non-metallic inclusions. However, due to the tough matrix, the cast steel exhibits stable crack growth.
In contrast to the tendency of toughness, the measurement of the stretched zone did not reflect this relationship. No significant difference between the G42CrMoS4+QT and the 42CrMo4+QT was observed. This is explained by a discrepancy between the measurement of the crack initiation time and the measurement of the stretched zone. As discussed above, the crack initiation time was defined as the time of signal decrease of the near-field strain gauge. To achieve the signal decrease, the crack initiation had to take place at a sufficient crack-front length. Regions where the crack initiates first are characterized by a local concentration of non-metallic inclusions. However, regions where the inclusion content was relatively low exhibited crack-tip blunting. The stretched zone was measured in regions where it was determinable. Hence, the mean stretched zone size along the whole crack-front length was overestimated. Consequently, the analysis of the stretched zone size in a material with local concentration of inhomogeneities is a questionable measure of crack initiation. In contrast, the determination of J id by the measurement of the crack initiation time leads to conservative results. Furthermore, the measurement of the stretched zone size as shown in Fig. 12 can be non-conservative if only one fracture surface is analyzed. 
Conclusions
In this paper, the crack initiation resistance in a highstrength G42CrMoS4 cast steel was evaluated at very high loading rates of 2 × 10 6 MPa m 0.5 s −1 . The tests were performed by application of a specially designed split Hopkinson pressure bar with four-point bending.
The main conclusions can be drawn as follows:
-The steel G42CrMoS4 exhibited crack-tip blunting (locally) followed by stable crack growth. Stable crack growth was achieved by ductile fracture. Crack path deflection was locally observed and was caused by elongated MnS inclusions. -Due to irregularly developed crack-tip blunting, crack initiation was considered not to be a single step. Regions that exhibited non-metallic inclusions at the tip of the fatigue precrack showed no blunting. However, areas which were essentially characterized by the deformation of the metallic matrix did show blunting of the crack tip. -The statistical distribution of the non-metallic inclusions along the crack front led to a scatter of the resistance to crack initiation. -A significant embrittlement effect due to the elongated MnS inclusions was observed. Crack path deflection as a possible toughness-increasing mechanism was considered to be ineffective due to the damaging effect of the non-metallic inclusions. Furthermore, crack tip shielding due to local crack advance was also a consequence of the early void initiation and coalescence at the locally concentrated non-metallic inclusions. Therefore, the shielding effect could only attenuate the negative effect of the non-metallic inclusion to a small degree. -When dynamic force equilibrium was achieved, the description of sample loading by the static and the dynamic stress intensity factors led to similar results. Nevertheless, the dynamic stress intensity factor was utilized to additionally evaluate the dynamic force equilibrium. -Further experimental investigations are necessary in order to characterize the toughness behavior in the loading rate range between 10 5 and 10 6 and above 5 · 10 6 MPa m 0.5 s −1 .
